An exhaustive field study was undertaken between November 2011 and August 2012, with the aim to know the causes of the environmental deterioration of the Tecomate Lagoon, in the Guerrero state, Mexico. Data of temperature, dissolved oxygen, salinity parameters and depth of the lagoon were interpolated using the Kriging geostatistical method to generate a prediction surface. The lagoon registered a great variation in its saline concentration, which ranged from 8.0 to 65.0 ppt, with the lowest values in November 2011 and the highest at May 2012. The great variability in the salinity throughout the year contributed in significant form to the lagoon's instability. An average water temperature of 32˚C and dissolved oxygen levels of 4.49 to 7.44 mg/L were recorded. The low depth registered in the lagoon (mean = 1 m), is related to fluvial and marine processes, both of which modify depth through the transport of sediment to its interior. Currently, fishing is scarce, with the mangrove forest in some areas in a process of deterioration due to a lack of moisture. The lagoon system is undergoing a process of environmental deterioration, with an advanced ecological succession and non-aquatic vegetable species colonizing the area surrounding the lagoon.
Introduction
Coastal lagoons rank among the most productive ecosystems on Earth, and they provide a wide range of ecosystem services and resources. They have a rich biodiversity of organisms due to their position between river drainages, and the continental shelf [1] . These aquatic ecosystems are used for breeding, protection and feeding for many fish species of different origin [2] . In tropical regions, the coastal lagoons are surrounded by a wide mangrove fringe [3] ; this vegetation plays an important role in the diversity conservation, and as regulator of biogeochemical, and ecological cycles. The hydrological dynamic is related to the rivers that flow into the basin, and with the local climate regimen [4] [5] .
These ecosystems are dynamic and vary seasonally, which influences the presence of organisms from marine or freshwater origin and creates an environment that is critical for commercially important species such as molluscs, crustaceans, and fishes [1] .
The increase in salinity is associated with the opening of the bars and influences the composition of zooplankton. The recovery of this community depends on the speed with which the salinity is able to return to its normal level [6] . The environmental factors that have a higher influence in coastal lagoons, are the salinity, temperature, and dissolved oxygen, which has an important effect on the primary production. These environmental changes can affect the abundance and biodiversity composition of these water bodies [7] . Tecomate lagoon is a water body considered as a depression due to its internal banks on the continental margin [8] . It has an ephemeral communication with the sea, and is separated by a sand barrier that exerts a special geohydrodynamic effect. As is pointed out for [9] , the geomorphological processes of the Pacific Mexican lagoons are at a high evolution level, in which the transport of terrigenous and marine sediments has a great influence in the dynamics of the lagoon. Surveys on coastal lagoons of Guerrero state are scarce [10] - [14] and today none exist on the Tecomate lagoon.
The objective of the present study was to evaluate the anthropogenic environmental impact, and analyzes the possible causes of the environmental deterioration in Tecomate lagoon, by means of the evaluation of some physical-chemical parameters, and bathymetry of the lagoon.
Materials and Methods
Tecomate Lagoon (16˚38'52"N, 99˚39'12"W) is located approximately 50 km southeast from Acapulco City, in the Costa Chica region of the Guerrero state, Mexico. This lagoon have a surface of around 28 km 2 , is situated 11 km south of the San Marcos locality. The depth of the lagoon was determined manually using a ruler graduated in centimeters, while, to determine the vertical level of the water, the maximum and minimum heights reached in the period studied were considered. Data of physicochemical variables were obtained during November 2011 to August 2012 period, from 24 sampling stations geo-referenced with a Global Position System (GPS). The oxygen and temperature parameters were determined in situ using a YSI digital reader, model 55-12FT. Salinity was measured on a scale of 0 -100 ppt with an ATAGO refractometer. The samples were taken during the day and at a depth of 0.40 m. The map of the lagoon was prepared with digital ortophotographs, scale 1:75,000, processed by the Instituto Nacional de Estadística, Geografía e Informática (INEGI) [15] [16] . Moreover, the software ArcGis 10.0 [17] was used to prepare the synthetic cartography of the physicochemical parameters and bathymetry. The information was analyzed using a geostatistical method (Kriging), which generates a surface estimate from a series of dispersed points with values z. The generated model is based on the statistical relationships between the points measured. At the same time, a variance analysis (ANOVA) of the four variables (depth, temperature, salinity, and dissolved oxygen) was conducted to observe the variation among the variables and groups.
Results

The Environment Parameters
The predominate climate in the area studied is warm sub-humid (Aw o ), with the rainy season occurring in the summer and characterized by temperatures above 18˚C and an average annual precipitation of 800 to 1200 mm, whose highest level is registered during the summer. In the months of January and May, the average monthly environmental temperature in this geographical area increased from 32.1˚C to 33.8˚C, with the highest temperatures recorded before the summer solstice (Figure 1) . The geological origin of this region is morphotectonic and influenced by continental plate collision.
The lagoon is separated from the sea by a sediment barrier, 19 km long by 2 km wide, formed by fluvial transport and marine accumulation. Communication with the sea is through a meandering channel of 7.5 km with a mouth bar width of 220 m. However, during the rainy season, the water in the streams is trapped by the barrier facing the sea, with the water level in the lagoon rising to 2.5 meters, the level necessary in order to open the communication with the sea. For this reason, the communication of the lagoon with the sea is directly related to precipitation and fluvial runoff. It should be noted that in the period studied, the bar did not open. The communication with the sea enables both the intensification of the system of currents and greater water circulation in the lagoon.
The River Nexpa flowed into Tecomate Lagoon until 1984, and the completion of the construction of the Mexican Revolution Dam, the objective of which was to store water for the agricultural irrigation of the coastal plain. From that year on, the authorities from the municipality of Florencio Villareal opted to close the branch of the river that communicated with Tecomate Lagoon. Currently, the lagoon only receives water flow from a hydrological microbasin of 384 km 2 , with two temporary tributaries the River Las Vigas and Tecomate Creek (Figure 2 ). These tributaries provide nutrients to the system and are influenced by the characteristics of the prevailing climate regime in the region.
Depth of the Lagoon
The lagoon is very shallow, with an average annual depth of 0.80 m. Its depth is influenced by the micro-regional precipitation occurring in the summer. A depth of 0.50 to 1.60 m was recorded in November 2011. The greatest depth was found at the center and extreme South East of the system (Figure 3) . The lowest depths were registered facing the mouth of the River Las Vigas.
The floodable area, considered as lying beyond the principal banks of the lagoon, has an average area of 102 ha, with the large part found to the East and South of the lagoon. This is the lowest section, while the northern section is limited by a system of rolling hills, which prevent floodable areas from forming. Furthermore, the southern, western and eastern sections are lithologically formed by an alluvial system of deposits from the River Nexpa. To the South, the bar that separates the sea from the lagoon is formed by marine accumulation and prevents the lagoon from maintaining effective communication with the sea.
Water Temperature
During the period studied, the water temperature of Tecomate Lagoon ranged from a maximum 32˚C and a S. Villerías-Salinas et al. In the months of March, May and August 2012, very high temperatures, ranging from 30˚C to 32˚C, were recorded. Rain began in May, with runoff water cooling the lagoon to the point where a temperature of 30˚C was recorded for 70% of the sampling stations.
The fluvial contribution of the River Las Vigas can be seen in the central part of the lagoon, where the discharge is insufficient for maintaining the water level and regulating the temperature of the system throughout the year, given that discharge depends on micro-regional precipitation. (Figure 4) . In November, the increase in salt concentration from the North to the South was caused by the supply of freshwater from fluvial runoff.
Water Salinity
In March 2012, the average salinity value was 40.5 ppt. The minimum ranges were from 34.0 to 37.3 ppt. These values follow the same distribution pattern registered in the month of November, while the maximum values were from 40.70 to 47 ppt and were taken at the South of the lagoon. In May 2012, the lagoon became hypersaline, reaching saline concentrations of 42 to 65 ppt ( Figure 5 ). Mid-range salinity was from 48.2 to 56.4 ppt, with these readings registered in approximately 70% of the sampling points in the lagoon. The highest concentration was found in the extreme Southeast, at the beginning of the channel communicating with the sea, and the Northeast, facing the town of Tecomate Pesquerías. The saline concentration increased for these two months due to the increase in water and environmental temperature, as well as the lack of freshwater during the months of low water levels.
During the rainy season in the month of August 2012, the salinity concentration began to decrease. Salinity ranged from 19.0 to 21.9 ppt, levels which were observed in the northern part of the lagoon, where the streams discharge runoff. Tecomate Lagoon presents two very contrasting phases of salinity. In the rainy season (June to October), the values for salinity were below 8.0 ppt in certain areas of the lagoon and up to 65 ppt across the large part of the lagoon in the month of May during the period of low water levels. The above conditions make Tecomate Lagoon a body of water with great fluctuations, which can affect aquatic organisms, especially osmoregulation in fish. In interviews, the fishermen mentioned the death of many fish in August 2011, when the lagoon changed from hypersaline to hypohaline, something which had also occurred in other years. The evaluation of the causes of this fish mortality represents an opportunity for future research.
Dissolved Oxygen
During fieldwork, the average annual concentration of dissolved oxygen (OD) was 7.0 mg/L. Representing heterogeneous behavior; the range of variation in OD was from 4.49 to 7.44 mg/L. The lowest concentration of OD (4.90 ml/L) was recorded in August 2012 in the southeast of the lagoon. OD concentration is sufficient for the growth of ichthyofauna.
Mangrove Forest
Three species of mangrove are found in Tecomate Lagoon: the white mangrove, Laguncularia racemosa (Linnaeus, 1759); the red mangrove, Rhyzophora mangle (Linnaeus, 1753); and, the black mangrove, Avicennia germinans (Linaeus, 1764). The forest covers an area of 339.34 ha in the lagoon (Figure 6 ). The distribution of this forest is confined to the banks of this body of water and is reduced to a narrow area of an average of approximately 10 meters. The vegetation presents a well defined ecological succession.
The white mangrove is found in the sections of forest in contact with the water and interacts with the various changes in salinity, temperature and the lack of moisture. It was observed in the dry season that the water level in the lagoon was found at a distance of 15 to 20 meters from the mangrove. The red mangrove is found in the section below the white mangrove. These two associations have been exposed to the various changes with which the lagoon is confronted throughout the year. During the dry season, the foliage of the mangrove changes from green (normal) to a yellowish color symptomatic of a lack of moisture, which indicates the absence of adequate conditions for development. The black mangrove is found at a further distance from the water. This species is grouped in certain areas of the lagoon, principally in the channel and close to the mouth bar.
Temporal Variation of Physicochemical Parameters
A comparison of the measurements in the samples obtained during November 2011 to May 2012 period indicates a great variation in the salinity of 39.03 ppt ( Table 1 ). This could be seen as an important factor requiring further study and a factor that is limiting life in Tecomate Lagoon. On the other hand, data of salinity, tempera- Table 2 ). The depth factor showed greater variation within the each month, while, for the salinity factor, the greatest variation was found from month to month. For the oxygen factor, the greatest variation is found within each month in which the samples were taken, while the greatest variation for the temperature factor was found from month to month. Therefore, the salinity and temperature factors present great variation among the elements found in the samples, but little variation among the measurements for these samples. On the contrary, the greatest variability occurred within the sample for the depth and oxygen factors.
Discussion
The parameter that presented the greatest variation was the salinity. This parameter varies across different coastal lagoon ecosystems according to depth, tide and freshwater affluence [18] [19] . The salinity of subsurface water found was from 8.00 to 65.00 ppt. Salinity presented heterogeneous spatial-temporal behavior, due to the freshwater flow into the lagoon. In the rainy season, from June to October, the lagoon becomes oligohaline, while in the low water season, from November to May, salinity increased and the water became mesohaline, polyhaline and briny. Salinity is an important factor influencing the physiology and reproductive activity of aquatic organisms [19] [20] . Small changes in salinity can affect physicochemical and biological factors in an aquatic ecosystem [21] .
The absence of significant discharge of water into the lagoon has caused a very significant hydrodynamic alteration, further to presenting a communication with the sea that depends on the climatic conditions. As indicated by [22] , the coastal lagoons of the Mexican Pacific maintain temporary or permanent communication with the sea. A depth lower than 1.60 meters in the month with the highest water level (November) and lower than 1 meter in the dry season (May), and an average annual temperature of 30˚C, indicate that the lagoon system is in In studies undertaken at Chautengo Lagoon, which is contiguous to Tecomate Lagoon, the temperature values, 29.3˚C to 32.9˚C, were very similar for the bar closure period [10] . In the period in which the bar opens, the temperature falls slightly from 31.8˚C to 28.6˚C [11] with temperature values between 24.0˚C and 34.0˚C and the highest temperature registered for the March to November period [12] . The elevated water temperature changes the physical properties, and, in consequence, generates changes in the metabolism, nutrition and growth of the organisms inhabiting the lagoon.
Mangroves are a vegetation of transcendental importance in the functioning of the lagoon ecosystem, and have anthropic uses. However, with the deterioration of the forest caused by the low-moisture conditions, its recovery must be a priority for the environmental services favored by humanity for the mitigation of climate change, as described by [23] .
Conclusions
The water level of Tecomate Lagoon varies greatly over the course of the year, due to the lack of tributaries bringing water to the lagoon system as a result of the closure of the connection with the River Nexpa in 1984. Currently, this is limited to a microbasin of 380 km 2 and water runoff in the summer. Salinity is considered a principal factor influencing the natural dynamic of this coastal lagoon ecosystem due to its high level of variation, which affects the growth and succession of species and productivity in general. The values for dissolved oxygen indicate adequate conditions in the lagoon, which enable aquatic organisms to develop their life cycle. However, the variable range of salinity over the course of the year can cause alterations, particularly in oxygen solubility levels (the solubility of oxygen decreases when salinity increases), and can cause changes in the metabolism of the fish.
The mangrove forest is in a clear state of deterioration as a result of evaporation and high saline concentration. It is a forest in a state of stress for six months per year (the dry season), and subsists despite the adverse environmental conditions.
To mitigate the impact of the environmental deterioration undergone by Tecomate Lagoon, it is recommendable that the population settled on the banks of the lagoon and the governmental authorities of the Comisión Nacional del Agua (CONAGUA), establish agreements for the construction of a canal to supply water from the Mexican Revolution Dam to the lagoon, principally in the dry season in the months of January to May.
